Pacific Northwest National Laboratory (PNNL) has leveraged focused ion beam capability at their Category II Nuclear Facility to facilitate nuclear materials analysis and experimentation at the micron scale. For this particular study, micron-size specimens of un-irradiated UO 2 fuel pellets of various enrichments were prepared and irradiated to a burnup equivalent of 8-3700 MWd/MTU. This represents first of its kind study of used fuel investigations outside of a hot cell facility, dramatically minimizing resource requirements through reduction in scale. Results of this study provide insight into the initial production of noble metal phase particles in used nuclear fuel at extremely low burnup levels.
Introduction
Noble metal phase (NMP) particles are produced during the irradiation of nuclear fuel [1] . This phase, also known as five metal or epsilon phase, consist of Ru, Mo, Pd, Tc, Rh [2] and, more recently discovered [3] , Te fission products. These particles are often observed near high pressure gas bubbles that also form as a result of irradiation [2] . They are typically spherical in shape and range in size from a few nanometers to tens of microns in diameter, in which the larger of these particles have been shown to be aggregates of smaller particles [4, 5] .
The presence of these particles in irradiated nuclear fuel impart both beneficial and deleterious effects during and after irradiation in a reactor [6, 7] . For instance, they can enhance the thermal conductivity of fuel. They are also able to stabilize semi-volatile fission products (e.g., Tc) thereby minimizing their potential release in the event of cladding failure [5] , facilitate catalytic degradation of H 2 O 2 build-up due to radiolysis, and reduce U(VI) to more refractory U(IV) [7] . Most negative effects related to the presence of NMP particles are related to the creation of point and line defects, leading to cracking and loss of structural integrity of the fuel [2, 8, 9] . These particles may also provide natural locations for the accumulation of gas atoms (hydrogen, tritium, Kr, and Xe) capable of generating bubbles with GPa pressures [2, [10] [11] [12] .
With so many confirmed and hypothesized connections to important issues such as fuel performance and integrity, cladding corrosion, and short and long-term waste storage, more investigations into the formation and behaviour of NMP particles in used nuclear fuel are needed. However, there are significant barriers to the study of these species as few attempts to create these particles outside of the extreme environment of an operating nuclear reactor have been successful [13, 14] . The vast majority of studies involving NMP have been based upon the analysis of actual used nuclear fuel, which requires access to a shielded hot cell facility and Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s1096 7-019-06921 -y) contains supplementary material, which is available to authorized users. a host of expensive instrumentation devoted to the analysis of radioactive materials. The time, human and infrastructural resources required to conduct radiological R&D activities are significant, especially when those activities need to occur within a shielded hot cell facility.
Recently, we have compared annual resource requirements of research at PNNL involving radioactive materials with studies that do not involve radioactive materials. This comparison considered the additional operating costs of radcapable (double hepa-filtered) facilities, the additional costs associated with the disposal of radiological wastes, additional training requirements for radiological workers, and the additional labor required for completing experiments within the constrained environments of a radiological contamination area, a Nuclear Quality Assurance-1 certified glovebox, or a remotely operated shielded hot cell facility. Additional resource requirements due to security were not considered as much of PNNL's radiological work is conducted within the Radiochemical Processing Facility (RPL), a Category II Nuclear Facility relative to safeguards requirements, but a Category III facility relative to material attractiveness. This rather unique designation allows staff to conduct research on significant quantities of nuclear materials with a minimal overhead related to security. Results of this study found that the cost of conducting radiological work is only about 10-20% more expensive than non-radiological R&D if that work can be conducted within a radiological hood. In instances where radiological work is confined to either a glovebox or hot cell, resource requirements for radiological work increase by a factor of 2-7, respectively, with labor representing the majority of the extra resource requirement.
A new concept of operations recently commissioned at RPL allows researchers to conduct nuclear R&D at the micron-scale. This concept of operations uses a FEI Helios NanoLab 660 dual focused ion beam (FIB) and scanning electron microscope (SEM) to prepare samples that are a few microns or even 10's of nanometers in size, enabling the researcher to achieve a reduction in dose and activity of their radioactive sample by a billion-fold or more. In this manner, macro quantities of actinide solids or highly radioactive materials typically requiring glovebox operations or hot cell facilities can be sub-sampled using the FIB to a point at which the activity levels fall below the Department of Energy's (DOE's) radiological clearance limit. These micron-sized specimens can then be "released" from the nuclear facility and transferred to other facilities on campus, including non-radiological laboratories and instruments, with appropriate controls. This concept of operations was used to fabricate micron-sized samples from various enrichments of un-irradiated UO 2 fuel pellets (from depleted to 4.95% enrichment relative to 235 U). These small pieces were then irradiated at various burnups (from 8 to 3700 MWd/ MTU) at the University of Missouri Research Reactor (MURR). Conducting these irradiation studies at the micron scale avoided the need for specialized glovebox or hot cell facilities. Prior to shipping, samples were attached to commercially-available transmission electron microscope (TEM) half-grids via ion deposition, which were then housed in specially-designed aluminum sample holders approved for use at the reactor facility. In this manner, samples were ready to be analyzed without further preparation following irradiation. At this scale, post-irradiation required cooling times prior to analysis were reduced and handling of these samples was permitted outside of a hot cell facility.
Materials and methods
Three fresh UO 2 fuel pellets with different enrichments including natural (0.72%), 2.4%, and 4.95% were purchased from a commercial nuclear fuel manufacturer. A FEI (Hillsboro, OR, USA) Helios NanoLab 660 dual focused ion beam (FIB) and scanning electron microscope (SEM) was then used to prepare ~ 10-40 × 10 × 1-μm lift-outs from each section. Lift-outs were attached to commercially-available transmission electron microscope (TEM) half-grids (Omniprobe, Inc., Abingdon, England) via ion deposition, which were then housed in specially-designed aluminum sample holders approved for use at MURR. Micron UO 2 specimens were irradiated for 5.8-394 h at a neutron fluence of ~ 2 × 10 18 n/cm 2 which, based upon the 235 U content within each sample, represented a burnup of between 8 and 3700 MWd/MTU. Before and after irradiations, surface examinations using SEM-energy dispersive X-ray spectroscopy (EDS) were performed using an FEI Quanta 250FEG™ field emission gun (FEG)-SEM. The fuel cross section was embedded in a resin and polished to a metallographic finish using colloidal silica polishing medium. To minimize the effects of sample drift, a drift-correction mode was used during acquisition of the elemental maps. The samples were coated with carbon and imaged at 20 kV, spot size 6, using backscatter electron (BSE) imaging. The same imaging conditions were used for mapping. The SEM mounts were then placed in custom metallic holders with incorporated row-holders designed to reduce the dose during handling and introduced into the FIB-SEM. This instrument was equipped with an EDAX (EDAX Inc., Mahwah, NJ, USA) compositional analysis system. A standard lift-out approach was used to obtain crosssectional regions [15] . The FIB was used to prepare thin foil specimens with sufficiently low radioactivity levels that they could be transported safely for analysis by a TEM located outside of RPL. Carbon and Pt were deposited to minimize the damage from the Ga ion bombardment during the FIB process. During specimen preparation, the current and accelerating voltage of the ion beam were adjusted from 100 pA to 30 nA and 2-30 kV, respectively, depending on the progress of the thinning operation. Specimens were welded to a Cu TEM half-grid via Pt ion deposition, and additional thinning of each lift-out was conducted by an ion beam operating at 2 kV before removal from the sample chamber. Very low voltage during this final thinning stage ensures that the potential effects of Ga-ion beam damage on UO 2 is kept to a minimum, as reported in the literature [16, 17] .
Results
Results from this study, while overall successful, illustrate the challenges faced when attempting to conduct experiments at the micron scale. Two examples of the challenges faced for this particular study included maintaining sample integrity in the presence of significant radiation damage and reaching sufficient temperatures needed to generate NMP particles. While both challenges were identified in the planning stages of this work, it was unclear as to the level of influence these issues may have in the overall results of this study. In the case of radiation damage caused by fission recoil, the path length of a recoil fission fragment through UO 2 (~ 6-8 μm) is on the order of the dimensions of the samples studied here [18] so it was difficult to know if it was reasonable to expect that these samples would survive this sort of irradiation environment. Regarding temperature, NMP particles require the high temperature environments produced within nuclear fuel during reactor operations for their formation [13, 14] . Typical bulk temperatures for a Boiling Water Reactors are on the order of 350-750 °C [19] . However, the small mass of the samples studied here was not expected to retain sufficient heat to reach those temperatures. Figure 1 , images from the 4.95% UO 2 fuel fragment high burnup sample, highlight issues with radiation-induced effects at this scale, where the U from the fuel interacted with the sample holder to produce a U/Cu alloy. Even so, there was visible evidence that suggested the presence of NMP inclusions within this sample (Fig. 2c ). Gallium and Pt, also pictured in the image, were a result of the sample preparation method used. Figure 2 shows electron micrographs from the depleted UO 2 fuel fragment irradiated to a burnup level of 40 MWd/ MTU. Figure 2a shows the presence of dislocation loops, illustrating again, the intense irradiation damage the sample received while in the reactor. More importantly, elemental maps from EDS analysis (Fig. 2d) show the presence of NMP particles that have formed in the fuel at a burnup level lower than any previously reported in the literature. These inclusions are present even though the sample likely did not reach typical operating temperatures indicative of actual fuel. This suggests that the necessary temperature needed for their formation is not obtained at the bulk scale, but rather at the local scale along the recoil path of fragments traveling through the UO 2 following a fission event [20] . In any case, Fig. 2 illustrates the successful demonstration of nuclear materials analysis and experimentation at the micron-scale.
Experiments at the micro-/or nano-scale need to be validated at the bulk scale before they are useful. In most instances, this means that bulk scale studies are needed first as a screening tool for directing research at the micro-scale. In this manner, micron-scale parametric studies, such as this one, targeting phenomena already observed at the bulk scale can help minimize the potential for making false conclusions about bulk scale materials based upon small scale observations of scale-dependent artifacts. With that said, it is possible to relate microscale measurements to bulk materials directly.
While challenges abound, quantitatively relating micron-scale nuclear materials measurements to the bulk scale is a worthwhile, but difficult, endeavor that has seen a few successes recently. In this endeavor, three generalized approaches can be envisioned. These include: (1) the use of bulk scale analytical techniques that measure average micro (or nano) scale characteristics; (2) brute force (often automated) microscale measurement techniques applied enough times and over a large enough volume of material to be statistically relevant to bulk scale materials; and, (3) correlative techniques using multiple measurement techniques across multiple scales. An example of the first of these methods is peak broadening analysis of powder x-ray diffraction (p-XRD) patterns, which can reveal average nano-structural information like crystallite size or crystal defect type and number of a bulk sample [21, 22] . The advantage of this approach is speed and simplicity, with the disadvantage being the loss of spatial heterogeneity across the bulk scale at a resolution commensurate with the scale of the measurement itself. Secondary Ion Mass Spectrometry [23] [24] [25] [26] is a well-refined example of the second approach, where averaging distinct, spatially resolved isotopic measurements of nuclear materials at the micron-scale, can accurately represent bulk average isotopic composition. Masked in the refinement of modern SIMS analyses are the herculean efforts in design and automation that have been necessary for automating this technique and efficiently managing the data generated from an analysis run. For every refined micro-scale method like SIMS, however, there are numbers of other small-scale measurement techniques awaiting automation so measurements can be related to the bulk scale. SEMbased analyses, with the development of several key pattern recognition software packages [27, 28] , endeavor to someday bring full automation large area micro-analysis to this community. While the vision of multi-scale electron microscopy has yet to be realized, semi-automated proof-of-concept examples of this vision are being worked on by the nuclear materials science community [29, 30] . The third approach to scaling microscale measurements to bulk scale, the use of correlative techniques, is largely a theoretical one in which spatially resolved techniques with various resolving powers are correlated with one another across scales. One can imagine, for instance, attempting to correlate techniques like p-XRD (~ ± 10% sensitivity), micro-optical spectroscopies (e.g., fluorescence, Raman, or Infrared, with ppm level sensitivity), and Selected Area Electron Diffraction using TEM for a spatially resolved map of phase distributions from bulk scale to molecular scale. While each of these measurement techniques are capable of generating phase maps, correlating these measurements with each other in space is still beyond reality for the scientific community.
Conclusions
Conducting nuclear materials analysis at the micron scale offers a number of advantages over the bulk scale, including: (1) access to instruments that are not dedicated to radiological work; (2) reduction of risk to the scientist(s) by minimizing radiation exposure and dose; (3) reduction/elimination of the need for specialized laboratories and facilities (e.g., radiological gloveboxes and hot cell facilities); (4) increased accessibility of these materials to a broader scientific community outside of the national laboratory environment; (5) reduced radioactive waste; and (6) a sevenfold reduction in the overall cost of conducting the same studies at the bulk scale. We have demonstrated these benefits in a micro-scale irradiation study of nuclear fuel fragments at various enrichments. Results from this study show the presence of NMP particles forming within fuel at the lowest burnup level ever reported. This observation implies that these particles may be forming near the high temperature regime along a recoil path following a fission event [20] . Contract DE-AC06-76RLO 1830. Most experiments were performed in the PNNL RPL Facility with the RPL Microscopy Quiet Suite, which is outfitted with a FEI Helios 660 FIM/SEM and a JEOL GrandARM300 Aberration Corrected (AC) STEM/TEM. TEM measurements were conducted using a JEOL ARM200 AC-STEM/TEM located in 3410, part of the Physical Sciences Facility (PSF) on campus. All of these instruments are part of PNNL's Institutional Microscopy Tools. Figure 2a shows the presence of dislocation loops, illustrating again, the intense irradiation damage the sample received while in the reactor. Figures 2b and 2c illustrate the location where NMP was detected. Elemental maps from EDS analysis of that area (Fig. 2d) show the presence of NMP particles that have formed in the fuel at a burnup level lower than any other reported in the literature. These inclusions are present even though the sample likely did not reach typical operating temperatures indicative of actual fuel. This suggests that the necessary temperature needed for their formation is not obtained at the bulk scale, but rather at the local scale along the recoil path of fragments traveling through the UO 2 following a fission event [20] . In any case, Fig. 2 illustrates the successful demonstration of nuclear materials analysis and experimentation at the micron-scale
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